NMR and NMR imaging (MRI) areˆnding increasing use not only in the clinical and medicalˆelds, but also in material, physicochemical, biological, geological, industrial and environmental applications. This short review is limited to two topics: (i) new techniques and pulse sequences and their application to non-clinicalˆelds that may have clinical application; and (ii) new trends in MR contrast agents. The former topic addresses pulse sequence and data analysis; dynamics such as diŠusion, ‰ow, velocity and velocimetry; chemometrics; pharmacological agents; and chemotherapy; the latter topic addresses contrast agents (CA) sensitive to biochemical activity; CA based on water exchange; molecular interactions and stability of CA; characteristics of emerging CA; superparamagnetic CA; and macromolecular CA.
Introduction
Although NMR imaging has been developed as a powerful tool in clinical diagnostics at the early stage, the technique is also receiving growing attention in non-clinical use because it is non-invasive and its abundance of diŠerent contrast parameters allows for precise detection of the molecular properties of the samples. The number of papers related to NMR imaging continues to increase in theˆelds of physics, chemistry, biology and other areas as the technology is used to explore and characterize chemical reactions, molecular conformations, biochemical pathways, solid state materials and numerous other applications that elucidate invisible characteristics of matter and tissue.
The title of this article is``Recent Topics in NMR Imaging and MRI.'' Many readers might question why NMR imaging and MRI should be diŠerentiat-ed, even though they refer to the same methodology. In the medicalˆeld, magnetic resonance imaging (MRI) is used as the current term instead of nuclear magnetic resonance (NMR) imaging, as is well known. Generally, magnetic resonance (MR) encompasses several resonance phenomena, including electron spin (or paramagnetic) resonance (ESR or EPR), ferromagnetic or antiferromagnetic resonance (FMR or AFMR), nuclear magnetic resonance, and muon ( m)-spin rotation. Therefore, resonance from nuclear spin is one of the magnetic resonance methods in the basicˆeld. In this article, both terms-MRI and NMR imaging-are used as required to ensure consistency with the original literature being reviewed. Generally, the trend is toward use of the term``NMR imaging'' in nonclinical applications. These include material, physicochemical, biological, geological, industrial, environmental and food-processing applications, where the imaging has been carried out with a vertical high-resolution NMR machine.
In some cases, the technical development of imaging methods and pulse sequences occursˆrst in the clinical MRI machine rather than in the highresolution NMR machine because of the speciˆc and more demanding requirements of the medical eld. The technical developments achieved in the MRI machine can be made available in the highresolution NMR machine, and vice versa. The author is of the opinion that the two terms, MRI and NMR imaging, used in the literature infer some assumptions about the respective devices; therefore, the terms should not be used interchangeably. The author hopes that this review serves to enlighten the reader about the speciˆc techniques used by each approach. This review mainly covers papers whose abstracts have appeared in Chemical Abstracts NMR Selects during 2000 and 2001. Many papers on clinically oriented MRI have been published during the period, but almost none of these papers have been picked up because of their highly professional focus on topics of clinical or medical interest. The topics in this review are limited to twô elds: (i) new techniques and pulse sequences and their application to non-clinicalˆelds that might have clinical use, and (ii) new trends in MR contrast agents. More information can be obtained by accessing the``Specialist Periodical Report on NMR imaging,'' which has been provided periodically since 1991 and includes basic principles; education and review; new instruments; development of pulse sequences and algorithms; and applications in variousˆelds. 1, 2 NMR Imaging and MRI
Pulse sequences, analysis
Novel Carr-Purcell-like sequences using composite pulses that exhibit improved performance in strongly inhomogeneousˆelds have been presented. 3 The sequences are designed to retain the intrinsic error correction of the standard Carr-PurcellMeiboom-Gill (CPMG) sequence.
SPIRAL-SPRITE, a new, rapid, single-point MRI technique that samples the k space with spiral trajectories, was applied to porous materials. 4 The general principles of the technique are outlined along with its application to porous concrete samples, solid pharmaceutical tablets, and gas phase imaging. Single point imaging (SPI) is a 3D phase encoding MRI method proposed by S. Emid and J.H.N. Creyghton to study solid state materials with a very short T2 value (À50 ms).
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Experimental results of SPI applications to various important industrial solids-such as porosity of chocolate samples, connectivity of microchannels in earth samples-were reported.
The possibility is discussed of modifying the existing multiple spin echoes (MSE) theory, developed for a homogeneous system, to describe an inhomogeneous system such as a porous medium. 6 Through judicious choice of the delay time, t and of the gradient strength, G, the MSE sequence can be sensitized to a speciˆc length-scale of the sample heterogeneity. Furthermore, the MSE image shows a particular new contrast that makes the nonlinear NMR method very attractive for the assessment of variations of the porous structure in porous systems. Novel 2D and 3D pulse sequences producing images through the phase encoding of intermolecular multiple quantum coherences (i-MQCs) were presented. 7 The signal acquired with these sequences is free from intermolecular zero quantum coherences (i-ZQCs), which are not phase-encoded. Additionally, phase cycling eliminates artifacts.
These sequences have potential applications for producing i-MQC images of biological tissues as well as non-biological materials with substantial amounts of water.
Chemical shift imaging (CSI), which is widely used in theˆeld of medical NMR spectroscopy, is combined with a compartmented detection volume achieved with a bundle of 1 mm NMR-suited glass capillaries to increase the parallelization and sample throughput. 8 As the obtainable signal-to-noise ratio is determined only by the sensitivity of the NMR probe and by the number of spins in the detection volume, the method proposed generated an improvement in the sensitivity of the NMR equipment.
Fourier imaging modalities suŠer from signiˆcant signal contamination between adjacent voxels, especially when the spatial resolution is comparable to the size of the anatomical structures. This contamination can be positive or negative, depending on the spatial response function and the geometry of the object. Such a situation arises in human cardiac 31 P chemical shift imaging (CSI). Acquisition-weighted CSI reduces this contamination substantially, which is demonstrated by comparing conventional CSI to Hanning-weighted 3D 31 P-CSI experiments in 13 healthy volunteers at 2T. 9 The application of a rapid NMR imaging pulse sequence, FLASH-MOVIE, to the visible light curing of dental restorative materials was investigated. 10 Images with good contrast were obtained from all resin monomers. The progress of lightactivated polymerization in the material could be followed in real time through a series of up to 16 images.
A modulation technique for direct measurement of extremely fast electron spin-lattice relaxation has been described. 11 The method is based on longitudinal magnetization detection. It is applied here to study the spin-lattice relaxation times T1e in aqueous solutions of perdeuterated nitroxide radical (T1e §200 ns) with various concentrations and to two Gd DOTA complexes (T1e §1.8-3.2 ns) that can be employed as paramagnetic contrast agents in magnetic resonance imaging. 2. Dynamics: diŠusion, ‰ow, velocity and velocimetry MRI is a versatile noninvasive tool for achieving full-ˆeld quantitative visualization of complex ‰uid ‰ows. Many papers have been published on topics related to dynamics.
Spatially resolved NMR can be used for studies of particle dynamics in granular media and parameters of mass transport, a topic of interest in chemical engineering. 13 It is shown that the av. ADC as determined from the measurement of the ADCs in the three orthogonal directions is in close agreement with the ADC obtained along the trace of the diŠusion tensor in a single acquisition, for both water and metabolite diŠusion. The pulse scheme presented may be applied for such purposes in MRS and MRI studies.
The myoarchitecture of the tongue comprises a complex array of muscleˆber bundles that form the structural basis for lingual deformations during speech and swallowing. MRI of the water diŠusion tensor was used to display the primary and secondaryˆber architectural attributes of the excised bovine tongue. 14 Fiber orientation mapping provides a subdivision of the tongue into its principal intrinsic and extrinsic muscular components. Findings suggest that three-dimensional analysis of diŠusion tensor MRI provides a structural basis for understanding the micromechanics of the mammalian tongue.
MRI volume imaging and ‰ow visualizations were used to investigate solidˆne-particle deposition during ‰ow within random packing of glass spheres. 15 This process is of importance in manŷ elds includingˆltration, operation of chemical reactors, and oil recovery. Visualizations before and during deposition allow the investigation of how the structure of the inter-particle space and the properties of theˆnes aŠect the evolution of the structure and hydrodynamics characterizing the porous medium during deposition.
Magnetic resonance ‰ow imaging techniques were used to visualize ‰ow of a Newtonian liquid through a dual porosity structure. 16 Of particular interest in these studies is the transition in the ‰ow as the liquid moves from the open region into theˆb er array. The ability of lattice-Boltzmann simulations to predict the visualized ‰owˆelds is discussed.
In addition to the fast correlation for local stochastic motion, the molecular velocity correlation function in a ‰uid enclosed within the pore boundaries features a slow long time-tail decay. The NMR modulated gradient spin-echo method (MGSE) was applied to this case, that is, to a system of water trapped in the space between the closely packed polystyrene beads. 17 The two main techniques of MRI velocimetry are time-of-‰ight and phase contrast techniques; timeof-‰ight techniques involve tagging and tracking a material volume of ‰uid, whereas phase contrast techniques use magneticˆeld gradients to encode velocity information into the phase of the MRI signal. Both techniques were used to probe the pressure-driven steady ‰ow of water in a pipe with a step stenosis. The velocity measurements observed were then compared with computational results obtained with the FIDAP software package. 18 Experiments show that the phase contrast method gives more accurate results. Although the time-of-‰ight experiments were not as accurate, they provide a good quality image of the ‰owˆeld.
The wall eŠect, a problem inherent in capillary electrochromatography, exists when the surface zeta-potentials of the capillary inner wall diŠer from those of the adsorbent particles. With dynamic NMR microscopy, it was possible to resolve this systematic velocity inequality in the ‰ow pattern, as it strongly aŠects axial dispersion and may be responsible for long time-tails of velocity distribution in the mobile phase. 19 A new method for simultaneously quantifying rates of ‰ow in xylem and phloem using the FLASH imaging capabilities of NMR spectrometry was applied. 20 The method has a time resolution of up to 4 min (for the xylem) and was used to measure the velocity of ‰ows in phloem and xylem for periods ranging from several hours to days. For theˆrst time, diurnal time course measurements of ‰ow velocities and apparent volume ‰ows in phloem and xylem in the hypocotyl of 40-d-old Ricinus communis L were obtained.
Microimaging based on magnetic resonance (NMR and ESR) is an experimental technique that can provide a unique view of a variety of plant physiological processes. Particularly interesting applications include investigations of water movement and spatially resolved studies of the transport and accumulation of labeled molecules in intact plant tissue. The potential of these techniques was shown using several representative examples.
3. Chemometrics, pharmacological agents, chemotherapy A review with 33 references discussed NMR of molecules in living tissue to distinguish brain tumors from healthy tissue, diagnose brain tumors by combined MRI W MRSI, and prospects for combining MRI. 22 Porphyrins and related compounds are capable of selectively accumulating in tumor tissues and persisting there for long periods of time. This property, along with the well-described photophysics and photosensitizing properties of porphyrin-type molecules, has led to their potential use as adjuvants and sensitizers in a variety of medical applications, such as photodynamic therapy (PDT), boron neutron capture therapy (BNCT), radiation therapy (RT) and magnetic resonance imaging (MRI). Porphyrins and their derivatives, such as Photofrin and Visudyne, which constitute a major class of pharmacological agents currently under investigation, were reviewed with 291 references. 23 Only recently, functional MRI has been applied to understand the sites and mechanisms of action of pharmacological agents within the human CNS. However, in so doing, a new set of problems and concerns surrounding the technique must be addressed because of the unique transduction mechanisms that exist to produce the fMRI signal from the underlying neuronal activity. Examples of the use of pharmacological agents with fMRI were given using nicotine and cocaine as a prototypical agents. 24 Detection and prediction of drug delivery to the tumor interstitium are of critical importance in cancer chemotherapy. Prediction of drug delivery derived from standard pharmacokinetic models is frequently inadequate because of the complex nature of tumor blood ‰ow and the microenvironment. Although drug concentrations can be directly sampled with microdialysis or in biopsy samples, we currently lack methods capable of detecting and predicting drug delivery to tumors noninvasively. A novel magnetic resonance (MR) technique to directly detect the drug and the correlation between the delivery of the drug and the delivery of MR contrast agents to the tumor was described. 25 The results of this study demonstrate that the uptake kinetics of a low molecular weight MR contrast agent can be used to predict delivery of drug molecules of similar size to the interstitium of solid tumors.
Dynamic contrast-enhanced MRI is widely used for measuring perfusion and blood volume, especially cerebral blood volume (CBV). In the case of blood-brain barrier (BBB) disruption, the conventional techniques only partially detect the pharmacokinetic parameters of contrast medium (CM) exchange between diŠerent compartments. A modied pharmacokinetic model was applied, which is based on the bidirectional CM exchange between blood and two interstitial compartments in terms of the fractional volumes of the compartments and the vessel permeabilities between them. 26 Quantiˆ-cation of the fractional volumes of the diŠerent compartments (blood, cells, slow-and fast-enhancing interstitium) as well as the vessel permeabilities and cerebral blood ‰ow (CBF) was evaluated with a single T1-weighted dynamic MRI measurement.
Recently, many investigators have performed measurements of tissue oxygenation by means of blood oxygen level-dependent magnetic resonance imaging (BOLD MRI). It has been hypothesized that the BOLD MRI signal ratio in tumors changes after administration of RSR13, an allosteric modier of Hb, which increases tissue oxygenation in vivo. MRI results supported and veriˆed the previously reported RSR13-induced increase in tumor oxygenation obtained using pO2 microelectrodes. 27 These results and previous studies suggest that the mechanism of enhancement of the eŠect of radiation by RSR13 involves an increase in tumor oxygenation.
Near-IR spectroscopy (NIRS) is a relatively new imaging method that can provide important information regarding oxy-and deoxy-Hb in cortical areas of the brain. The advantages of the integration of magnetic resonance and optical imaging techniques were presented in a comparison of optical and fMRI signals obtained simultaneously from humans during functional activity and at rest. 28, 29 The authors found a high temporal correlation between the BOLD signal (f MRI) and the deoxy-Hb concentration (NIRS) in subjects who exhibited low ‰uctuations in superˆcial head tissues.
The application of magnetic resonance spectroscopy to studies of disorders, as typiˆed by Parkinson's disease (PD) and related syndromes, was reviewed with 54 references. 30 The review also covers the quantitative estimation of regional brain iron with magnetic resonance imaging and the energy metabolite in PD.
The value of extracellular pH (pHe) in tumors is an important factor in prognosis and choice of therapy. It was demonstrated that pHe can be mapped in vivo in a rat brain glioma by 1 H MRSI of the pH buŠer, 2-imidazole-1-yl-3-ethoxycarbonylpropionic acid (IEPA). 31 Maps of pHe and metabolites were compared to the distribution of the contrast agent (Gd-DOTA). The average of the mean pHe for each of the four gliomas was 7.084d 0.017, which is acidic with respect to the pHe of normal tissue. Although lactate is exported from cells in association with protons, within the gliomas, no evidence was observed that pHe was signiˆcantly lower in areas of higher lactate concentration.
The use of hyperpolarized (HP) 3 He for in vivo intravascular imaging on animals was reported. 32 To overcome the problem of the low solubility of He in blood, an approach based on He encapsulation in lipid-based carrier agents was proposed. The mean diameter of the 3 He microbubbles (3.0 mm) makes it possible to conduct in vivo studies. Angiographic imaging (venous and cardiac cavity visualization) as well as lung perfusion imaging were demonstrated in rats by means of i.v. injections of microbubble suspensions. This study was completed with the demonstration of a new ventilationperfusion lung exploration method based entirely on HP 3 He. The hypothesis, that MRI results correlate with the biochemical compound of cartilage matrix and can therefore be used to evaluate natural tissue development and the eŠects of biological interventions, was tested by inoculating chondrocytes harvested from day-16 chick embryo sterna into an MRI-compatible hollow-ˆber bioreactor. 33 Parameters derived from MR images obtained noninvasively can be used to quantitatively assess the components of cartilage tissue generated in a bioreactor. MR images of articular cartilage were evaluated with a three-dimensional (3D) waterexcitation sequence (repetition time W echo time W ‰ip angleࢼ28 ms W 14 ms W 20 degrees) with and without on-resonance magnetization transfer contrast (MTC) pulse in-vitro and in-vivo.
34
3D water-excitation images with MTC pulse showed a signiˆcant-ly higher contrast-to-noise ratio between normal saline or joint eŠusion and articular cartilage than in images without MTC pulse.
High-dose variations across small spatial distances, as present in brachytherapeutic applications or radio-surgery and especially g-knife therapy, are di‹cult to quantify by standard dosimetry. The possibility of obtaining planar spatial resolutions for dose imaging at pixel sizes less than 200 mm was demonstrated. High spatial resolution is achieved by parameter-selective microimaging of polymer gels on a high-ˆeld (3T) whole-body MR system equipped with a dedicated strong gradient system and a small probe head matched to the sample size. Gel dosimetry based on MR parameter-selective microimaging represents a potent alternative for the detection of dose distributions characterized by steep dose gradients, typical in brachytherapeutic and radio-surgical applications. 36 Gene expression is commonly monitored by in situ hybridization techniques or by introducing a marker gene in order to follow the regulation of a gene of interest. Detection of the gene expression by a calorimetric straining assay with a b-galactosidase ( b-gal) marker and by ‰uorescence with ‰uorescent proteins requires transparent samples. Recent investigative methods using m PET, g cameras, and SPECT operate in the volume of cubic millimeters or larger. Alternatively, recent MRI allows for detection of intact, opaque organisms in three dimensions at cellular resolution ( §10 mm). Louie et al. designed and synthesized a contrast agent, enzymatically processed by b-gal, to devise an MRI-based in vivo assay of gene expression. 36 The MR contrast agents were prepared in which the access of water to thê rst coordination sphere of a chelated paramagnetic ion is blocked with a substrate (galactopyranose) that can be removed by enzymatic cleavage. Following the cleavage, the paramagnetic ion can interact directly with water protons to increase the MRI signal. At cellular resolution, regions of higher intensity in the MR image correlate with regions expressing marker enzyme.
As mentioned above, recent developments in MRI and S aŠord the possibility of noninvasive detection and assessment of transfer, expression and subsequent therapeutic changes of eŠector or marker transgenes. Theˆeld of MRI is developing`s mart'' MR contrast agents, so called because they change their conformational structure and in so doing induce MR detectable changes in a given tissue. 37 These agents are``switched on'' in response to physiological changes brought about by the enzymic action of a given gene product (enzymes) and are being developed for use in intact cells, isolated organs and animal models. These agents hold the promise of the noninvasive detection of transgene expression in vivo in man. On the other hand, MRS is being developed as a noninvasive method to assess transgene expression indirectly by means of MR-visible intracellular markers. These markers take the form of intracellular endo W exogenous metabolites associated with exogenous enzyme expression and function. There-fore, MRS and MRI will be applicable to a variety of diŠerent situations, from cell suspensions through to clinical imaging of the whole body. The unique opportunities for laboratory-based and clinical studies aŠorded by MR techniques were discussed with 45 references. 37, 38 Enzyme-activated agents oŠer the possibility of mapping gene expression in living animals, whereas pH-sensitive agents are of particular interest for detection of abnormal tissue. Contrast agents selective for calcium, an important second messenger, can provide information on signal transduction events. Other eŠorts in contrast agent development are directed toward improving delivery by conjugating contrast agents to moieties that target certain tissues or that facilitate uptake. The development of new agents introduces a means of using MRI to probe biochemical activity in living organisms. 39 The feasibility of using MRI to detect an enzyme associated with a disease state was illustrated with an e‹cient pro-RIME contrast agent W TAFI W human serum albumin (HSA) system that resulted in clinically relevant relaxivity enhancement of the contrast agent. 40 The proposed strategy relies upon the enzymatic transformation of a prodrug Gd 3ࢪ complex with poor HSA a‹nity and concomitant low relaxivity (a pro-RIME agent) to a species with improved HSA a‹nity and enhanced relaxivity. The conversion involved enzymic removal from the Gd 3ࢪ complex of a masking group that inhibits HSA binding to expose a binding group with high HSA a‹nity.
In order to evaluate the suitability of the liverspeciˆc contrast agent Gd-EOB-DTPA as a nonviral vector for gene therapy of hepatocellular carcinoma, nonviral vectors for gene transfer were synthesized by coupling Gd-EOB-DTPA to polyethyleneimine or polylysine as DNA condensing agents, and their e‹ciency was studied with b-galactosidase (lacZ) as the reporter gene. 41 According to the relaxometry, Gd-EOB-DTPA is taken up by normal hepatocytes but not by hepatoma cells HepG2 and Huh7, probably because of the lack of organic anion transporter in these hepatoma cells. The Gd-EOB-DTPA polycation conjugates, such as polyethyleneimine-Gd-EOB-DTPA, could serve as transfer vectors of interest for gene targeting imagery at the early stage of hepatocarcinogenesis. However, the transfer e‹ciency of such conjugates is low and requires improvement.
A new type of CA based on water exchange
Balaban and co-workers reported a new class of MRI contrast agents based on chemical exchange saturation transfer (CEST) between intrinsic metabolites such as amino acids, sugars, nucleides and other heterocyclic having exchangeable OH or NH groups that exchange protons with bulk water. 42 In this type of CEST image, the MR contrast is switched on by applying a saturating irradiation pulse at an exchangeable site a few ppm away from the bulk water resonance. Theoretically, the CEST eŠect is more eŠectively observed under the condition, tCADvCAAE1, where tCA is the lifetime of the exchanging site and DvCA is the diŠerence in chemical shift between bulk water and the exchanging site. Biomolecules intrinsic to tissues with the proton exchangeable groups mentioned above are disadvantaged because they are only 1 to 5 ppm of chemical shift away from bulk water. Thus, paramagnetic agents, which cause a larger DvCA, or a longer tCA, are of great advantage for observing the CEST eŠect. in an inner vial and pure water in a larger outer vial showed a 79z decrease in intensity of the inner vial when the pre-saturation pulse was added at 50 ppm (shift of bound water). This observation demonstrates that the Eu complex eŠec-tively works as the CEST agent and allows easy diŠerentiation of the CEST agent from MT eŠects originating in tissue.
Slow water exchange, i.e., longer lifetime in inner-sphere in Gd 3ࢪ complexes, is generally considered detrimental to their use as MR contrast agents. This feature, however, may serve as a useful template for the design of responsive MR agents such as a detector of bound-water molecules 42 and a pH sensor. 44 Two types of Lanthanide (Ln) complexes with 1,4,7,10-tetraazacyclododecane-N,N?,N,!N! ?-tetraacetic acid (DOTA)-tetraamide phosphonate ligands (1) and phosphonate ester ligands (2) were studied by multinuclear ( 1 H, 13 C, 31 P, and 17 O) NMR spectroscopy. The lifetime of inner-sphere water in the Ln(2) complexes was much longer (tIN 298 ࢼ0.8-1.3 ms) than in the corresponding Ln(1) complexes. This allowed direct detection of the bound-water molecules in Eu (2) in water at 409 C by 1 H NMR. On the other hand, the water relaxivity of Gd(1) increased more than twofold in the pH range between 8.5 and 6.0. T1-weighted images of phantoms containing Gd(1) at diŠerent pH values demonstrate the e‹cacy of this complex as a pH-sensitive MR contrast agent.
Gd-DO3A derivatives I [RࢼBu (8a), hexyl (8b), dodecyl (8c), hexadecyl (8d), where DO3Aࢼ 1, 4, 7, 10 -tetraazacyclododecane -1, 4, 7 -triacetic Two of the complexes, Gd-HADB-DO3A (8a) and Gd-HADO-DO3A (8b), were evaluated as pH responsive MRI contrast agents in vitro. The T1-relaxivity (R1) of Gd-HADO-DO3A (8b) increased 142z when the pH was changed from 6 to 8. The pH dependence is thought to arise from the formation of supramolecular structures caused by deprotonation.
3. Reviews and general aspects 1) Reviews The great diversity of NMR applications as compared with most other spectroscopic modalities results from the use of nuclear relaxation phenomena. A review with 241 references focuses on recent advances of biomedical NMR applications that make essential use of nuclear relaxation and related phenomena. 46 It covers the range of applications from molecular biophysics and biochemistry to experimental and clinical medicine, including water proton relaxation in cells and model systems; MRI and development of contrast agents; studies of molecular dynamics of macromolecules; natural and model membranes (liposomes, micelles) and their interaction with drugs using relaxation techniques and nuclear Overhauser eŠect (NOE) spectroscopy; relaxation of quadrupolar nuclei; and so on. A survey is given of some widely accepted techniques in biomedical NMR. Another review with 170 references 47 includes the basic principles and applications of MRI; basic MR image contrast mechanisms; paramagnetic contrast agents; preparation pulses; faster imaging techniques; advanced MRI techniques based on high-speed MRI; the basic principles of MRS; spectroscopic imaging techniques; water suppression techniques; spectral quantiˆcation; and the clinical applications of in vivo MRS.
MRI provides not only anatomical but also physiological information on ischemic heart disease. New concepts regarding the assessment of ischemic myocardial injuries have been addressed with 94 references using MRI. 48 With MR contrast agent protocol, it becomes possible to identify ischemic, acutely infarcted, and peri-infarcted myocardia in occlusive and reperfused infarctions. Future applications of MRI of the heart will focus on identifying coronary artery disease at an early stage and the beneˆcial eŠects of new therapeutic agents such as intra-arterial gene therapy. MR techniques have a great future in the drug discovery process and in testing the eŠects of drugs on myocardial biochemistry, physiology, and morphology. Molecular imaging is going to bloom in this decade.
Selection of speciˆc MR sequence parameters (i.e., TE and TR) enables diŠerent MR signals to be received from diŠerent tissue types. Through optimization of the contrast between diŠerent tissue types, metrics such as two-dimensional areas, three-dimensional volumes, and three-dimensional shape characteristics have proven to be highly useful for quantitating the eŠects of toxins on the human brain. 49 Structural MRI has been reviewed with 28 references. Among toxins, the eŠects of alcohol on the human brain have been most intensively studied with structural MRI. Table lists recently published reviews of MR contrast agents. With the help of selective blood-pool contrast agents, blood perfusion and various cardiac parameters as well as the status of the blood ‰ow and vascular system in any organ can be evaluated. A new generation of long-circulating Gdloaded liposomes and iodine-loaded micelles for providing an e‹cient blood pool MR and CT imaging, respectively, was introduced with 35 references. 50 
2) Molecular interactions and stability
Recently, it has been suggested that agents with a high degree of serum albumin binding may also serve as necrosis-avid contrast agents (NACAs) by virtue of non-speciˆc hydrophobic interactions. An MRI-histomorphological correlation study was conducted to verify the likelihood of the proposed albumin-binding mechanism by comparing an albumin-binding blood pool agent, MP-2269, with gadophrin-2 in a rat model of reperfused liver infarction. 55 Although both MP-2269 and gadophrin-2 feature an albumin-binding capacity, only gadophrin-2 displayed a persistent necrosisspeciˆc contrast enhancement in the rat model of reperfused liver infarction. Therefore, the role of albumin binding in the mechanisms of NACAs should be reevaluated.
The molecular interactions of three clinically used MRI contrast agents with lipid vesicles, which comprise egg phosphatidylcholine (EPC), have been studied with high-ˆeld NMR techniques. 56 At a molar ratio of one contrast agent molecule toˆve phospholipid molecules, a signiˆcant increase in the proton resonance line width and a large decrease in the T1 relaxation times were observed for certain lipid head group moieties. The results are discussed in terms of the structure of the phospholipid-water interface. The interaction of the agents with physiological surfaces, many of which contain phospholipids, should be understood for the development of new contrast agents.
The mechanism of excretion into bile of hepatospeciˆc MRI contrast media employed labeled Gd-reagents EOB-DTPA, BOPTA, B 20790 (iopanoate-linked), and B 21690 (glycocholatelinked) for measurement in rat liver canalicular plasma membrane vesicles and yeast vacuoles. 57 The data obtained suggest that biliary secretion of structurally related MRI agents depends on molecular structure. Theˆndings suggest possible value in the clinical diagnosis of inherited hyperbilirubinemias and other liver disorders.
NMR spectroscopy of intracellularly located 133 Cs has been used to monitor the uptake of Gd-EOB-DTPA by the isolated rat liver. 58 The hepatic internalization of Gd-EOB-DTPA was followed by the paramagnetic relaxation enhancement of the intracellular 133 Cs ions, and conˆrmed by parallel quantitations of Gd and Cs run by inductively coupled plasma (ICP) analysis of liver samples and aliquots of perfusate. The relaxation data signiˆcant-ly underestimate the Gd content, suggesting a potential compartmentation of Cs ࢪ and W or the contrast agent.
The enzymic dephosphorylation of the MRI contrast agent, Teslascan.RTM., was studied in in vitro experiments with acid phosphatase (prostatic, from human semen) and alkali phosphatase (from human placenta). 59 The active component, MnDPDP [Mn (II)-N,N?-dipyridoxylethylenediamine-N,N? diacetate-5,5?bis(phosphate)], was dephosphorylated by both enzymes to the monophosphate MnDPMP and the totally dephosphorylated compound, MnPLED.
The suitability of paramagnetic complexes as MR contrast agents depends on various factors such as their relaxivity, stability, selectivity, and the inertness to transmetalation by endogenous ions. The transmetalation of a series of 18 gadolinium complexes by the Zn 2ࢪ ion was studied in vitro by proton relaxometry. 60 The decreasing order of stability with respect to metal exchange was obtained. By a simple relaxometric protocol, the in vitro transmetalation process of gadolinium complexes has been successfully developed. The importance of the functionalization and substitution of the DTPA-like complexes is clearly shown.
Characteristics of emerging contrast agents 1) Fe oxide
The polymer coatings widely used for iron oxide nanoparticles are directly involved in their biocompatibility and avoid magnetic aggregation. Because these polymer brushes also limit their tissue diŠu-sion due to important hydrodynamic sizes, organic biocompatible molecules for obtaining high-quality particles coated with thin layers were tested.
Coating molecules were chosen according to theirˆxation site on iron cores; carboxylates, sulfonates, phosphates, and phosphonates, and, among them, analogs of the phosphorylcholine. Two coating procedures (dialysis and exchange resins puriˆcation) were evaluated for hydrodynamic size, total iron concentration, electrophoretic mobility, and colloidal stability. Coating with bisphosphonates, the more interestingˆxation moiety, leads to small (less than 15 nm) and stable objects in a wide range of pH including neutrality. 61 Nonionic surfactant (polyoxyethylene (10) oleyl ether)-coated Fe3O4 nanoparticles have been synthesized through a chemical coprecipitation method with a narrow particle size of around 6 nm. Preliminary experiments have demonstrated the feasibility of using superparamagnetic Fe3O4 nanoparticles as contrast agents in MR imaging. 62, 63 Carboxylated poly(amidoamine) PAMAM dendrimers (generation 4.5) were utilized for the synthesis and stabilization of ferrimagnetic iron oxide nanoparticles. 64 Oxidation of Fe(II) at slightly elevated pH and temperature results in the formation of highly soluble nanocomposites of iron oxides and dendrimers, which are stable under a wide range of temperatures and pH levels. Size exclusion chromatography indicates aggregates in the 20-30 nm size regime, consistent with the oligomeric nature of the composite material.
Very small dextran-coated magnetite particles (with a hydrodynamic diameter of 10 nm) were developed. 65 These particles can be used either as immunospeciˆc contrast agents for MRI by coupling to antibodies or as an interstitial contrast agent. The iron core size was 7 nm; R1ࢼ7 L W (mmol ɿs); and R2ࢼ19 L W (mmol ɿs).
From the observation that ultra-small superparamagnetic particles of iron oxides (USPIOs) are phagocytosed by cells of the mononuclear phagocytic system, an investigation has been undertaken with a USPIO contrast agent (Sinerem, Guerbet) to evaluate their use as a marker for atherosclerosisassociated in‰ammatory changes in the vessel wall before luminal narrowing is present. 66 USPIOs are phagocytosed by macrophages in atherosclerotic plaques of the aortic wall of hyperlipidemic rabbits in a quantity su‹cient to cause susceptibility eŠects detectable by MRI.
2) Macromolecular MR contrasts
Macromolecular contrast agents, dendrimers conjugated with a bifunctional Gd(III) complexes, have been synthesized and evaluated. 67, 68 DABAm64-(1B4M-Gd)64 is a newly synthesized macromolecular liver MRI contrast agent with a polypropylenimine diaminobutane (DAB) dendrimer conjugated with a bifunctional diethylenetriaminepentaacetic acid (DTPA) derivative for complexing Gd(III) atoms. 67 The dynamic micro-MRI with DAB-Am64-(1B4M-Gd)64 was obtained in the mouse liver metastasis model with colon carcinoma cells to evaluate the ability to visualize the micrometastatic tumors as compared with the use of Gd-DTPA. Micrometastatic tumors measuring 0.3 mm diameter in the liver of the mice were visualized with better contrast as compared with the use of Gd-DTPA. Four novel macromolecular MRI contrast agents, all of which had the same chemical component but diŠerent molecular weights, were prepared using generation -3, -4, -5, and -6 polyamidoamine (PAMAM) dendrimers conjugated with bifunctional DTPA derivatives to change the blood retention, tissue perfusion, and excretion. 68 Size-dependent changes in the pharmacokinetics were observed in the biodistribution study using 153 Gd-labeled conjugates. Numerouŝ ne vessels measuring approximately 200 mm in diameter were visualized on subtracted 3D MR angiography with G6D-(1B4M-Gd)192 with a 1.5T clinical MRI instrument. The quality of the images was su‹cient to establish the microvasculature of cancerous tissue for anti-angiogenesis therapy and to investigate knockout mice.
3) Others
Water-soluble Gd endohedral metallofullerenes have been synthesized as polyhydroxyl forms (GdC82(OH)n, Gd-fullerenols) and their paramagnetic properties have been evaluated in vivo and in vitro as novel next-generation MRI contrast agents. 69 The in vitro water proton relaxivity, R1, of Gd-fullerenols is signiˆcantly higher (20-fold) than that of Magnevist (Gd-DTPA) at 1.0T.
Gd(III) complexes of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid bearing two and four hydroxymethyl moieties on the cyclen ring, Bis(hydroxymethyl)cyclen and tetra (hydroxymethyl)cyclen, were prepared as low-toxicity MRI contrast agents. 70 
